The Glanville fritillary butterfly (Melitaea cinxia, Nymphalidae) has a large, well-studied metapopulation in the Å land Islands in Finland. Previous studies have found that the common allozyme genotypes at the phosphoglucose isomerase (PGI) locus are associated with individual variation in performance and fitness, with phenotypic data suggesting ongoing balancing selection via heterozygote advantage. Here, we analyze nucleotide polymorphism in the coding region of the Pgi gene. Pgi is exceptionally polymorphic, in contrast to three other metabolic genes (Mdh, Idh, and Gapdh) with low levels of polymorphism. Most of the variation is due to two common haplotype clades, which are highly divergent and exhibit extensive linkage disequilibrium. These two clades correspond to the two most common allozyme alleles previously studied. Molecular tests of selection and coalescence simulations indicate that patterns of nucleotide polymorphism depart from neutrality and are consistent with long-term balancing selection. The split between the two main haplotype clades is estimated to predate the last common ancestor of a clade of five extant Melitaea species. Comparative structural analysis of Pgi polymorphism in M. cinxia and the unrelated Colias eurytheme butterfly suggests a similar but not identical target of balancing selection. Our results indicate convergent evolution between these two species at both the phenotypic and molecular levels.
Introduction
The adaptive significance of standing genetic variation is a fundamental question in biology (Lewontin 1974; Gillespie 1991; Mitchell-Olds et al. 2007) . One school holds that much of the variation is slightly deleterious and maintained in mutation-selection-drift balance (Kimura 1983; Ohta 1993) . Others posit a key role for natural selection in the maintenance of variation (Mitton 1997) . A better understanding of the relative contributions of the different processes requires knowledge about the causal relationships between genetic variation and fitness in the wild (Dean and Thornton 2007; Mitchell-Olds et al. 2007 ). The simplest form of balancing selection maintaining genetic variation within populations is heterozygote advantage (Hartl and Clark 1989; Ridley 1993) , but few empirical studies have found conclusive evidence for such selection (Lewontin 1974; Charlesworth 2006) . Whether this reflects a genuine paucity of balancing selection in natural populations or limited power to detect it is an open question (Garrigan and Hedrick 2003; Nordborg and Innan 2003; Bubb et al. 2006; Charlesworth 2006; Dean and Thornton 2007; Mitchell-Olds et al. 2007) .
One gene with apparently strong fitness effects and for which there is evidence for balancing selection is phosphoglucose isomerase (Pgi), which codes for the enzyme (PGI) that catalyzes the second step of glycolysis. Allozyme surveys found that PGI heterozygotes have higher rates of survival than homozygotes in natural populations of the Colias eurytheme butterfly (Watt 1977) . This initial finding has been complemented by biochemical studies of the performance of the different enzyme isoforms (Watt 1983) , followed by field studies on flight activity, male mating success, and female fecundity reporting heterozygote advantage in two Colias species (reviewed in Watt 2003) . DNA sequencing of the Pgi-coding region in Colias identified the parts of the enzyme that are likely to have functional significance and provided evidence for long-term balancing selection (Wheat et al. 2006) . In many other species, from plants to sea anemones, allelic variation at PGI appears to have fitness consequences (e.g., Hall 1985; Zera 1987; Zamer and Hoffmann 1989; Katz and Harrison 1997; Filatov and Charlesworth 1999; Dahlhoff and Rank 2000) , but no study apart from the work on Colias has attempted to combine DNA-level investigation with intensive field studies.
Here, we analyze nucleotide polymorphism at Pgi in a large metapopulation of the Glanville fritillary butterfly (Melitaea cinxia, Nymphalidae) in the Å land Islands in SW Finland (Hanski 1999) . Common throughout Eurasia, M. cinxia has been intensively studied in Å land, where it persists as a classic metapopulation in a balance between stochastic local extinctions and recolonizations, with dispersal playing a key role for the viability of the metapopulation as a whole (Hanski 1999; Hanski and Ovaskainen 2000; Nieminen et al. 2004; Ovaskainen and Hanski 2004) . Individuals with different PGI allozyme genotypes show differences in flight metabolic rate (Haag et al. 2005; Niitepõld et al. 2009 ), female fecundity (Saastamoinen 2007) , and lifespan (Saastamoinen et al. 2009 ), and the genotypic differences indicate higher fitness of heterozygotes compared with homozygotes (Hanski and Saccheri 2006) . Taken together, the current evidence suggests that PGI allozyme variation is maintained by contemporary balancing selection through heterozygote advantage (Haag et al. 2005; Hanski and Saccheri 2006; Orsini et al. 2009 ).
The range of studies conducted on Colias and M. cinxia indicates similarities in the selection pressures acting on Pgi, despite these taxa being separated by ;90 My of independent evolution (Braby et al. 2006; Wheat et al. 2007 ). Here, we analyze DNA-sequence variation in the coding region of Pgi in M. cinxia to address several open questions. First, how do patterns of DNA-sequence variation relate to allozyme variation? Second, phenotypic data suggest ongoing balancing selection through heterozygote advantage at Pgi, but is the current heterozygote advantage also indicative of long-term balancing selection as in Colias? Third, are the common PGI allozyme alleles of recent origin or are they old as in Colias? Fourth, does the amino acid variation in the PGI enzyme identify similar patterns of selection at the molecular level as in Colias?
Answering these questions will allow us to assess whether the evolution of a balanced polymorphism at Pgi in M. cinxia is recent and may thus be related to the metapopulation dynamics in Å land, as has been suggested based on the effect of Pgi on dispersal in this metapopulation (Haag et al. 2005) . Alternatively, balancing selection at Pgi may have acted during a long period of time, which would suggest that it is a general feature of the species rather than specific to the metapopulation dynamics. Second, the aim of the comparison with Colias is to understand the molecular basis of the phenotypic similarities between the two species, which may potentially be helpful in revealing common features of molecular evolution of Pgi in butterflies.
Materials and Methods

Study Species and Sampling
Melitaea cinxia has a classic metapopulation structure in the Å land Islands in SW Finland within an area of 50 by 70 km, where there are about 4,000 suitable habitat patches, consisting of small dry meadows with one or both of the two larval host plant species present (Hanski 1999; Nieminen et al. 2001) . The rate of turnover of the mostly very small local populations (demes) is high, with some 100 local extinctions and a roughly equivalent number of recolonizations of unoccupied habitat patches taking place each year (Hanski et al. 1995; Hanski 1999; Nieminen et al. 2001) . In any 1 year, 500-700 of the habitat patches are occupied by a local population.
Here, we analyze the coding region of Pgi in 22 adult butterflies sampled in June 2004, originating from 15 different local populations widely distributed across the Å land Islands (supplementary fig. S1 , Supplementary Material online). These individuals were selected from a larger sample so that the allozyme allele frequencies in the sample reflect their frequencies in the entire metapopulation (a constructed random sample, e.g., Verrelli and Eanes 2000) . Metapopulation structure can significantly skew the site frequency spectrum of allele frequencies away from neutral expectations in a panmictic and demographically stable population (Wakeley and Aliacar 2001) , because the local populations within a metapopulation may be founded by only a few individuals and may thus experience significant inbreeding. To minimize any bias that would arise from sampling multiple, related individuals from local populations, we constructed a ''scattered'' subsample by including only one individual from each local population that was sampled (supplementary fig. S1 , Supplementary Material online). Such a scattered sample captures the variation within the metapopulation as a whole and has coalescent properties similar to a panmictic population (Wakeley 1999 (Wakeley , 2004 Städler et al. 2009 ).
Molecular Data
Full-length coding sequence of Pgi was amplified from cDNA using high-fidelity Phusion polymerase (Finnzymes) with GC buffer and published primers (Orsini et al. 2009 ). For each individual, 8-16 clones were sequenced both in forward and reverse directions (pCRII-TOPO, Invitrogen) in order to distinguish between actual chromosomal haplotype sequences and polymerase chain reaction (PCR)-generated recombinants (Zylstra et al. 1998) . Two haplotypes inferred from allozyme allele scores could not be reliably obtained via PCR and sequencing and were thus not included in the analyses (1 haplotype from individuals 12 and 14). The cloned cDNA sequences allowed an empirical determination of the haplotype phase, which was compared with the in silico predictions made with the program PHASE 2.1 (Stephens et al. 2001 ) based on directly sequenced PCR products from independent PCR reactions (Orsini et al. 2009 ). The empirical haplotypes were identical to in silico predictions for all but two individuals: Individual 22 has a small tract of putative gene conversion, and an additional recombination event was detected in individual 3.
For comparison, we assessed patterns of nucleotide polymorphism in three other metabolic genes (''reference genes''): malate dehydrogenase (Mdh; E.C. Wheat et al. · doi:10.1093 /molbev/msp227 MBE 1.1.1.37), isocitrate dehydrogenase (Idh; E.C. 1.1.1.42), and glyceraldehyde-3-phosphate dehydrogenase (Gapdh; E.C. 1.2.1.12). In each case, only partial sequences were analyzed. Degenerate primers (Wahlberg and Wheat 2008) were used in Reverse transcription PCR (RT-PCR) to obtain an initial sequence, which was used to design specific primers (MDH230F 5#-ACTGCTAACCCTGAGGAGGC-3#, MDH760R 5#-CCAAGGAACCAGTCCCTCAT-3#, Idh _152F 5#-ATGGAGAATCGGGATAAAAC-3#, Idh _652R 5#-AAAATATCCTTGAAACGACC-3#, Gapdh _322F 5#-ACGGATAAGGCATCTGCTCA-3#, and Gapdh _946R 5#-ATGACACGGCTAGAGTAGCC-3#). These were then used to obtain sequences from cDNA by direct sequencing of RT-PCR products, with polymorphic sites verified on forward and reverse sequences. For Mdh, we obtained sequences from 19 of the individuals included in the Pgi sample. For Idh, 15 individuals were sequenced (scattered sample 5 9 individuals). These individuals included four from the Pgi sample and, when this material was consumed, additional individuals from different local populations in the same metapopulation. For Gapdh, 12 individuals not included in the Pgi sample were sequenced, 10 of which were also used for Idh.
To analyze divergence patterns, Pgi, Mdh, and Idh were amplified and sequenced from the related species Euphydryas aurinia using the degenerate primers (Gapdh did not amplify). Only 703 bp of sequence was obtained for Pgi using these degenerate primers (Orsini et al. 2009 ). For additional evolutionary analyses, we obtained 1,503 bp of Pgi sequence data from two additional species, Melitaea deione and Melitaea athalia, using M. cinxia sequencing primers (Orsini et al. 2009 ). All sequence data are deposited in Genbank (Acc. No. GU263886-GU263999).
Sequence Analyses and Standard Tests of Neutrality
Nucleotide sequences were assembled and aligned using Seqman (Lasergene software package, DNAstar, Inc) and Bioedit ver. 7.0.9, and standard analyses were performed with DnaSP 4.0 (Rozas J and Rozas R 1999) , Proseq (Filatov 2002) , and Mega 3.1 (Kumar et al. 2004) . Balancing selection is expected to maintain polymorphisms at linked neutral sites for longer periods of time, and at more intermediate frequencies, than predicted by the neutral theory (Hudson and Kaplan 1988; Charlesworth 2006) . Thus, balancing selection should lead to excess synonymous polymorphism and positive Tajima#s D (Tajima 1989) .
To test for excess polymorphism in Pgi, we used a multilocus Hudson, Kreitman, and Aguade (HKA) test as implemented in mlhka (available from Stephen I. Wright, York University, http://www.yorku.ca/ stephenw/ (Wright and Charlesworth 2004) . Here, polymorphism in M. cinxia was compared with divergence between M. cinxia and E. aurinia, for which we were able to obtain sequence data for three genes. A model assuming that all genes are neutral was compared with a model assuming that Pgi is under selection, while the other genes (Mdh and Idh) are neutral. Three independent Markov chain Monte Carlo (MCMC) runs of 1,000,000 produced nearly identical results despite different starting conditions (no assumption on divergence time T between compared species, T 5 18 [in 2N e units] and T5 180). Estimates of the selection parameter k were averaged across the three simulations. Note that the assumption of neutrality in the reference genes applies only to synonymous sites, and therefore, it should not be affected by the likely strong purifying selection acting on these metabolic genes. The assumption would, however, be violated if the reference genes had experienced recent selective sweeps, which would reduce their synonymous polymorphism below neutral expectations. In other words, a significant HKA test with excess polymorphism at Pgi would indicate either balancing selection at Pgi or recent positive selection in the reference genes. As another test of neutrality, we used the McDonald-Kreitman (MK) test (McDonald and Kreitman 1991) . Here, we used divergence between M. cinxia and M. deione, for which we were able to obtain almost the entire coding sequence of Pgi.
Recombination and Linkage Disequilibrium (LD)
The exon-intron boundaries in Pgi of M. cinxia, C. eurytheme, and Bombyx mori are identical, and although intron lengths vary slightly, the overall gene size is almost the same in the three species (Kvist et al. J, in preparation). We therefore assumed equal intron lengths as in C. eurytheme for all recombination and LD analyses.
We calculated R M , the minimum number of recombination events in the history of the sample, using the fourgamete test (Hudson and Kaplan 1985; Hudson 1987) and the recombination parameter C 5 2N e r (r is the recombination rate per gene per generation between the most distant sites, C6 ¼ 4N e r due to lack of recombination in female butterflies). C was estimated using Hudson's (1987) method. We also estimated pairwise LD (R 2 values [Hill and Robertson 1968] ) between all segregating sites using the program Haploview 3.32 (Barrett et al. 2005) and assessed the significance of intragenic recombination by the ZZ test (DnaSP, Rozas et al. 2001) , which compares LD between adjacent polymorphic sites with the average LD within the gene. We used Walls Q to test whether the observed LD deviates from the neutral expectation; excess LD is expected under long-term balancing selection (Wall 1999; Charlesworth 2006) . Significance of both tests was determined using 10,000 coalescent simulations in DnaSP with observed values of h. Finally, we analyzed the phylogenetic relation between the different haplotypes by constructing a haplotype network using the program SplitsTree4 (Huson and Bryant 2006) .
Demographic Simulations
Historical changes in population size may result in LD and other patterns of nucleotide variation that depart from neutral expectations even in the absence of selection (Simonsen et al. 1995; Przeworski 2002) . This is an important consideration here, as the Å land Islands have been formed in the course of land uplift following the last glacial Nucleotide Polymorphism at Pgi · doi:10.1093/molbev/msp227 MBE period. Until 7,000 years ago, the sea level was 30-70 m above the current level, with suitable habitat for M. cinxia emerging only within the last 3,000 years (Nunez 1990; Donner 1995) . The actual time of colonization remains unknown. To assess the likelihood that departures from neutrality in our data could have been caused by recent changes in population size, we ran coalescence simulations using a number of different scenarios. We assume a mainland post-Pleistocene source population of 100,000 (N 0 ) that went through a bottleneck (N 1 ) of duration B D during the colonization of the Å land Islands, with a subsequent rapid expansion to 10,000 (N 2 ). The latter value corresponds to a census size of a few tens of thousands of adult butterflies (Hanski I, unpublished data) . The population is assumed to have changed instantly between these sizes. In general, bottleneck duration and size have major genetic consequences (Fay and Wu 1999) . We simulated a range of N 1 values, colonization dates (B I ) ranging from 50 to 3,000 years ago, and B D 5 10 or 100 years. We repeated the calculations for several values of h because the original (precolonization) value is not known and because it is not clear which value would be most appropriate to use in neutral simulations of the Pgi locus.
We ran 1,000 replicate simulations of each parameter combination and calculated for each replicate Tajima's D, Wall's Q, and the number of segregating sites with the observed recombination rate (C 5 5.3). We analyzed which demographic scenarios were compatible with the observed data using one-tailed tests (as our a priori expectation is balancing selection). Additionally, we calculated a combined statistic based on the above three values using the method of Voight et al. (2005) :
where P(D), P(Q), and P(S) are the P values from the coalescent simulations for Tajima's D, Wall's Q, and the number of segregating sites (S), respectively. The distribution of K in the simulated data was used to determine the one-tailed probability for the observed value.
Finally, we investigated whether the pattern of nucleotide diversity in the two most common allozyme alleles, D and F, could have been caused by the bottleneck scenarios. For this, we carried out simulations of within-allele and between-allele diversity (supplementary methods, Supplementary Material online) and compared the results with the observed patterns.
Estimating the Ages of the Pgi Alleles
We estimated the time of the most recent common ancestor (TMRCA) of the D and F alleles using the Bayesian MCMC method implemented in BEAST 1.4 (Drummond et al. 2002; Drummond and Rambaut 2007) . Pgi sequences from M. cinxia D and F alleles and from M. athalia and M. deione were used with the general time reversible þ gamma model of DNA substitution, with four gamma categories and all sites unlinked. We assumed a relaxed-clock model and uncorrelated rates for each branch, which were drawn independently from a lognormal distribution (Drummond et al. 2006) . For the simulations, TMRCAs were drawn from a normal distribution with means and standard deviations (SDs.) according to previous estimates based on the sequences of one mitochondrial and two nuclear genes (different from the ones used in the present study): M. athalia and M. deione 5 6.4 Ma (SD 5 1.2, Leneveu et al. 2009 ), M. athalia and M. cinxia 5 18.9 Ma (SD 5 1.9, Leneveu et al. 2009) , and Euphydryas and Melitaea 5 32.0 Ma (SD 5 5.4, Wahlberg 2006 ). Simulations were run for 30 million generations with a burn-in of 10%, examined with TRACER 1.0.1 (Rambaut and Drummond 2003) , and the entire analysis was repeated three times to validate the MCMC performance. The phylogenetic reconstruction by BEAST was double checked using MrBayes (Ronquist and Huelsenbeck 2003) , which showed concordance and strong node support for the final topology (results not shown).
Structural Analysis of PGI Protein
Structural modeling of PGI followed the methods described by Wheat et al. (2006) . Briefly, interpretation was based on structural homology to the crystal structure of the mouse and human Pgi as implemented in Swiss Model (Schwede et al. 2003) . Dimer solvent accessible surface (SAS) was calculated using Molmol software and a solvent radius of 1.4 (Koradi et al. 1996) . We used a sliding-window average across three codons in SAS calculations. Fisher's exact tests were calculated using Jmp 5.0 (SAS Institutes Inc.).
Results
DNA Sequence Variation
The 42 sequences from 22 individuals (representing 9 different allozyme alleles) included 16 unique Pgi haplotypes with 55 segregating sites, of which 45 are synonymous and 10 are nonsynonymous sites (table 1, fig. 1 ). The estimated values of p and h for the total sample were 0.0130 and 0.0076, respectively; separate estimates for the synonymous and nonsynonymous sites are given in table 1. There were four cases where two segregating sites occurred within the same codon (codons 49, 111, 343, and 372) . In each case, one of the routes between the alternative codons occurs via a synonymous and a nonsynonymous change, and hence, only one of the changes in each case was scored as nonsynonymous.
The other three genes of central metabolism were much less variable than Pgi (table 1). Mdh had no genetic variation at all. It is unlikely this was due to PCR amplification bias because the degenerate primers used for Mdh work across Nymphalidae (Wahlberg and Wheat 2008) . Idh had only one and Gapdh had seven synonymous polymorphisms whereas none had any nonsynonymous variation (supplementary table S1, Supplementary Material online). Pooling the three reference genes, there were thus only eight segregating synonymous sites in a total of 1,595 bp, compared with 45 synonymous and 10 nonsynonymous segregating sites across the 1,673 bp of Pgi. Average values of p and h were 0.0015 and 0.0013, respectively, for the three reference genes (table 1) . Wheat et al. · doi:10.1093/molbev/msp227 MBE The Pgi haplotypes were classified according to their allozyme alleles (Orsini et al. 2009 ), DNA, and amino acid haplotypes ( fig. 1) . The different allozyme alleles correspond to highly distinct haplotype clades, with most of the nucleotide diversity occurring between rather than within clades ( fig. 2 , supplementary table S2, Supplementary Material online). Indeed, the distribution of pairwise differences was strongly bimodal, with large differences for pairs of sequences representing different allozyme alleles and small differences for pairs of sequences within the same allele class ( fig. 2A ). In the scattered sample, haplotypes representing the two most common allozyme alleles, D and F, had on average 33.7 (27.0 synonymous and 6.7 nonsynonymous) pairwise differences (supplementary table S2, Supplementary Material online). In contrast, within-allele diversity averaged only 1.9 (1.6 synonymous and 0.3 nonsynonymous) pairwise differences ( fig. 2B ; supplementary table S2, Supplementary Material online), which is comparable to nucleotide diversity in the reference genes. Additionally, sequences corresponding to the D allele were less variable than those corresponding to the F allele (table 1), despite D being nearly twice as frequent as F in the metapopulation (Haag et al. 2005) . Other allozyme alleles with several independently sequenced haplotypes were not variable (A, n 5 5 and C, n 5 2).
Recombination
Six recombination events (R m ) were detected within Pgi by the four-gamete test, and the estimated recombination parameter was C 5 5.3. The ZZ showed a significant decay of LD within the gene (ZZ all 5 0.27, P 5 0.0003; ZZ scattered 5 0.28, P 5 0.0007). However, three haplotype clades were clearly distinguishable across the entire sequence (shaded green, yellow, and blue in fig. 1 ). These haplotype clades are also evident in the haplotype network in figure 3 , and they can be assigned to the following three groups of allozyme alleles (groups in parentheses): (A, B, C, O), (D, E), and (F, G, H). The low-frequency haplotypes (allozyme alleles B, E, G, H, and O) are recombinants between the more common alleles ( fig. 3 ), but there are also three substitutions in exon 9 that are unique to the rare B and H alleles. It is unknown whether these are remnants of an ancestral allele or recent mutations.
The haplotype structure indicates strong LD (fig. 1B) , and, indeed, LD across Pgi was higher than expected under the neutral model given the observed levels of polymorphism and recombination (Wall's Q all 5 0.64, P , 0.0001; Wall's Q scattered 5 0.67, P 5 0.0002). Recombination and LD were not assessed for the three reference genes because of their low level of variation.
Molecular Tests of Selection
Tajima's D was significantly positive for the entire Pgi gene, as well as for the synonymous sites alone, in both the entire sample and the scattered sample (table 1). In contrast, Tajima's D was consistent with the neutral expectation for Idh and Gapdh (table 1). High LD across the entire Pgi locus precludes a sliding-window analysis of Tajima's D to identify putative selected regions. The positive Tajima's D for Pgi is due to an excess of variants segregating at intermediate frequency at sites that differ between the main haplotype clades. In contrast, Tajima's D based on variants segregating within the two most common haplotype clades was comparable with or lower than that for the reference loci (table 1) , and in the case of the haplotype clade corresponding to the D allele, Tajima's D was significantly negative (D scattered 5 À2.02, P 5 0.006).
The multilocus HKA test showed a strong excess in the number of segregating sites at Pgi compared with the reference loci, without a correspondingly higher level of interspecific divergence (supplementary table S3, Supplementary Material online). The HKA model fitted significantly better when Pgi was identified as a gene under selection (ln L Neutral 5 À20.84, ln L Selection 5 À13.17; v 2 5 15.35, df 5 3, P 5 0.002). The average value of k for three simulations was 20, suggesting a 20-fold excess in diversity at Pgi compared with the other loci. The MK test indicated a slight, but nonsignificant excess of nonsynonymous polymorphism in M. cinxia Pgi (synonymous sites: 39 fixed differences, 43 polymorphisms; nonsynonymous sites: 7 fixed differences, 13 polymorphisms, P 5 0.33).
Coalescent Simulations Incorporating Demographic History
We ran coalescent simulations of the scattered sample to assess whether the deviations from the neutral expectation Nucleotide Polymorphism at Pgi · doi:10.1093/molbev/msp227 MBE described above could nonetheless be consistent with neutrality given the demographic history of the Å land metapopulation. Unfortunately, neither a genomic nor locus-specific prebottleneck estimate of h, needed for the coalescent simulation, is available for M. cinxia. Our locus-specific estimates (table 1) are likely to be affected by demographic history and, in the case of Pgi, potentially also by long-term balancing selection. To overcome this problem, we repeated the simulations with three values of h. First, an estimate of h for central metabolic enzymes was derived using the average of the three reference genes Mdh, Idh, and Gapdh (h reference 5 0.0013). Second, h was estimated for Pgi in the Å land Islands (h scattered 5 0.008), and third, h was estimated for Pgi in the pooled sample of butterflies from Finland, Estonia, China, and France (h species 5 0.0148; unpublished data). None of the simulations using h reference produced samples with enough variation to be consistent with the observed data. In contrast, simulations using h scattered and h species across a range of bottleneck scenarios produced samples with similar parameters (Tajima's D, Wall's Q, and numbers of segregating sites) as in the observed data. However, when these three parameters were combined in the statistic K (see Material and Methods), the consistency between simulated and observed data held only for a narrow range of plausible bottleneck scenarios ( fig. 4) . Thus, depending on the choice of h, either no or only a very restricted range of demographic scenarios produce diversity and LD patterns similar to the ones observed at Pgi.
In the empirical results, nucleotide diversity was greater in the F allele, which comprises 25% of the sample, than in the more common D allele (46%): p Dscattered -p Fscattered 5 À0.0018. In simulations assuming a stable population size and considering replicates that produced haplotype clusters comparable to the observed ones, the probability of having a higher diversity in the less common cluster was small (P 5 0.0068, see supplementary table S5, Supplementary Material online). Assuming a likely colonization history of the Å land Islands, namely, bottleneck size N e 5 100, duration 10 years, and colonization time 100 years before the present, the probability was even smaller (P , 0.0001; supplementary table S7, Supplementary Material online).
Age of the Pgi Alleles
To estimate the time of divergence between the D and F alleles, we analyzed a set of haplotypes corresponding to these allozyme alleles, three individuals of M. athalia and M. deione each, as well as two individuals of E. aurinia as an outgroup. The clade formed from the last common ancestor of M. athalia and M. deione consists of five extant species (Leneveu et al. 2009 ). There were 12 fixed differences between M. athalia and M. deione and 25 differences between the haplotypes corresponding to the D and F alleles in the same part of the gene in M. cinxia.
Using simulations based on independent estimates of the time of TMRCAs of M. athalia and M. deione, M. athalia and M. cinxia, and Melitaea and Euphydryas (Wahlberg 2006; Leneveu et al. 2009 ), we estimated the divergence time between D and F as 13.4 My (95% confidence limits 19.5-8.4 Ma). This is about 60% more than the divergence time between M. athalia and M. deione (8.4 My, 95% confidence interval, CI, 5 9.1-5.0; fig. 5 ).
Amino Acid Variation
To assess whether similar selection pressures have acted in M. cinxia and C. eurytheme, we compared the positions of their amino acid polymorphisms in the PGI enzyme. Constructing a structural model of PGI for M. cinxia using previously determined structures (Wheat et al. 2006 ) was Nucleotide Polymorphism at Pgi · doi:10.1093/molbev/msp227 MBE facilitated by the high (89.4%) amino acid sequence identity between M. cinxia and C. eurytheme and conserved structure of PGI (homology model root mean squared deviation between the two species 5 1.28 Å ). Functional enzymes primarily harbor amino acid polymorphism near the surface due to purifying selection against internal amino acid variation (Bustamante et al. 2000) . In our case, both species have significantly more polymorphisms near the surface region than in the enzyme interior (table 2; Wheat et al. 2006 ). We tested whether there is less polymorphism at the interface between the two monomers (of the PGI dimer) compared with the rest of the near-surface region, as variation at the interface can affect dimer stability (e.g., Scopes et al. 1998) . There is no significant reduction of polymorphic sites in the interface region of either species when the relative size of the interface region is taken into account (table 2) . However, within the interface region, most polymorphisms in both species occur in a distinct loop region of eight amino acids near the enzyme surface (table 2; Wheat et al. 2006 ). In C. eurytheme, charge-changing amino acid variation in this loop region ( fig. 6 ) has been identified as the likely target of balancing selection (Wheat et al. 2006) . In M. cinxia, there are two evolutionarily independent, charge-changing amino acid polymorphisms in this same region ( fig. 6 ). Note that both species are polymorphic at site 375, but they segregate at this site for different sets of amino acids.
Discussion
Evidence for Long-Term Balancing Selection
We found very high levels of synonymous and nonsynonymous nucleotide diversities at Pgi in M. cinxia, contrasting with low levels of diversity in three other metabolic genes. In fact, nucleotide diversities at Pgi in M. cinxia and in C. eurytheme, the only other Lepidopteran for which molecular diversity at Pgi has been described (Wheat et al. 2006) , are the highest reported for any Lepidopteran gene to date (Willett and Harrison 1999; Dopman et al. 2005; Putnam et al. 2007 ). Molecular tests of selection indicated an excess of polymorphism and intermediate-frequency variants and higher LD than expected from neutral theory. These results are hallmarks of long-term balancing selection (Charlesworth 2006) . Only one of the standard molecular tests of selection, the MK test, did not indicate a significant deviation from neutrality. However, detecting balancing selection with the MK test would require an excess of amino acid polymorphism, which would only be expected if several sites within the gene are under balancing selection, not if balancing selection acts just at one or a few sites (Hughes 2007) .
One well-known shortcoming of the standard molecular tests of selection is that deviations from neutral expectations can be caused by factors other than selection, such as the demographic history of the population ( . We conducted coalescence simulations to examine whether likely demographic scenarios alone could lead to the observed patterns of nucleotide diversity and LD. These analyses identified a restricted set of bottleneck scenarios that could indeed explain the observed patterns, and this was more likely to happen the higher the value of h (fig. 3) . The h values used in the simulations represent the plausible upper and lower bounds; estimates of h from Pgi itself are likely to be overestimates if balancing selection acts at this locus, whereas estimates from the other metabolic genes are likely to be underestimates if molecular diversity has been reduced by a bottleneck.
In addition to a population bottleneck, spatial population structure could yield high LD and high nucleotide diversity resembling patterns expected under balancing selection (Charlesworth 2006) . First, the observed divergent haplotype clades could be the result of inadvertent sampling across a major population divide. This is not the case here, however, because the two haplotype clades occur at similar frequencies in local populations across the entire metapopulation (Haag et al. 2005) . Second, population structure could lead to an excess of intermediate-frequency variants. However, this effect should not occur in a scattered sample (Wakeley and Aliacar 2001) , which is expected to have coalescence properties similar to those in panmictic population of elevated effective size (Wakeley 1999 (Wakeley , 2004 . Third, population structure can increase the total effective population size and thereby facilitate the maintenance of high diversity. This mechanism is however unlikely to explain high molecular diversity in the present case because population structure should affect all genes similarly. In addition, the frequent extinctions and recolonizations in a metapopulation like the one studied here (Hanski 1999 ) are expected to reduce rather than to increase the effective size (Whitlock and Barton 1997) .
We conclude that the bottleneck history and spatial population structure are unlikely to explain the present results. Instead, several lines of evidence support the hypothesis that long-term balancing selection has acted on Pgi in M. cinxia. First, the finding of excess polymorphism at Pgi by the multilocus HKA test is expected to be rather robust against violations of the assumptions of the standard neutral model (Wright and Charlesworth 2004) , because it is based on a comparison of polymorphism to divergence in Pgi and the reference genes, all of which have experienced the same demographic history. An alternative explanation for the HKA results is that both reference loci may have reduced synonymous site polymorphism due to recent positive selection. Therefore, in the absence of data from a larger number of reference loci, it is important to note that results based on Pgi alone also support long-term balancing selection (see below). In addition, we can assess the selective constraint acting on Pgi compared with the other genes using the ratio of amino acid (K a ) to synonymous (K s ) divergence between M. cinxia and E. aurinia; small values of this ratio indicate strong selection against amino acid substitutions. We find that Pgi has the strongest selective constraint among our genes (Pgi K a /K s 5 0.021, Idh K a /K s 5 0.038, and Mdh K a /K s 5 0.046). Although the K a /K s ratio assesses a deeper evolutionary time scale than the observed intraspecific polymorphism, FIG. 4 . Probability of the observed sequence data at Pgi being significantly different from the neutral expectation generated by coalescent simulations for a range of bottleneck scenarios, based on the combined statistic K. The horizontal axis gives the starting time of the bottleneck (10-year duration) and the vertical axis gives bottleneck size, after which the population expanded to the current size of 10 Nucleotide Polymorphism at Pgi · doi:10.1093/molbev/msp227 MBE polymorphism within populations is generally expected to be correlated with functional constraints. This result therefore suggests that the high level of variation at Pgi is not due to a long-term relaxation of evolutionary constraints. Although a recent relaxation of functional constraints could give rise to a high level of variation within our studied population, the age of Pgi alleles indicates this is not a likely explanation.
Second, the observed haplotype structure, with two main haplotype clades and higher molecular diversity in the rarer of the two clades, deviated significantly from neutral expectations under all demographic scenarios considered thus suggesting the action of historical selection. Third, excess LD and the maintenance of divergent haplotypes within populations are hallmarks of long-term balancing selection (Charlesworth 2006) and, indeed, the Internal amino acid sites (SAS , 10) are compared with amino acid sites near the surface (SAS . 10) for the entire enzyme. Among the near-surface sites, those at the interface between the two monomers are compared with those in the noninterface region. Among the sites at the interface, those in the loop region (aa368-376) are compared with those in the nonloop region. P-values are from two-sided Fisher's Exact tests. Wheat et al. · doi:10.1093/molbev/msp227 MBE two common haplotype clades appear to be much older than the age of closely related Melitaea species ( fig. 5 ). An alternative explanation for the large divergence between the two clades, which could also explain low diversity within one of the clades, is introgression of the lowdiversity haplotype via hybridization. Hybridization could explain the observed results especially if the introgressed haplotype was advantageous and therefore increased rapidly following introgression. However, the observed recombinants and signatures of gene conversion indicate that the haplotype clades have a long shared history within the same species. This means that if a divergent haplotype has introgressed into M. cinxia from another species, this event occurred a long time ago, and the maintenance of the divergent haplotype clades in M. cinxia still requires an explanation.
A possible explanation of low diversity within the more common of the two-haplotype clades is that this clade recently increased in frequency. Alternatively, this clade may have undergone a selective sweep limited to that haplotype clade (i.e., fixation of a mutation that was beneficial just in this background). These explanations are not mutually exclusive, and both are consistent with the negative Tajima's D in this clade. Interestingly, recent results for C. eurytheme suggest that a selective sweep limited to just one clade of Pgi haplotypes may have occurred in that species as well (Wang et al. 2009 ). Epistatic interactions among sites within the Pgi gene, that is, interactions between sites that affect allelic fitness, could greatly accentuate the genetic signatures of long-term balancing selection. Such interactions would lead to an even higher LD and higher diversity than if balancing selection was acting at just a single site (Navarro and Barton 2002; Kelly and Wade 2003) , and this possibility warrants further study.
Current and Historical Balancing Selection
The present results suggest that the divergent haplotype clades have been maintained by long-term balancing selection. At the same time, our results show that these haplotype clades correspond to allozyme alleles that currently experience balancing selection via heterozygote advantage (Haag et al. 2005; Hanski and Saccheri 2006) . Recent studies indicate that the genotype at a single nucleotide polymorphism (SNP) site in codon 111 (thus called SNP AA111) is particularly useful in predicting the phenotypic variation: Heterozygotes at this site have a higher flight metabolic rate (Niitepõld et al. 2009 ) and higher body temperature at flight at low ambient temperatures (Saastamoinen and Hanski 2008) than the homozygotes of the more common allele, as well as higher dispersal rate in the field (Niitepõld et al. 2009 ) and higher average clutch size (Saastamoinen 2007) . On the other hand, homozygotes of the less common allele at this SNP site have much reduced survival (Orsini et al. 2009 ), yielding the highest total fitness in the heterozygotes.
Due to extensive LD, it is currently unclear whether SNP AA111 is indeed functionally important or simply partitions D versus F allelic variation effectively. The allozyme allele F, which has been previously found to be associated with individual performance and fitness components (Haag et al. 2005; Hanski and Saccheri 2006) , does not correspond exactly to one of the two alleles at AA111 but rather to a combination of alleles at two SNP sites, AA111 and AA372 (Orsini et al. 2009 ). Indeed, in several data sets, the combined two-locus genotype at these two SNP sites has explained phenotypic variation somewhat better than any of the sites alone (Orsini et al. 2009) . It is even possible that association between phenotypic variation and genetic variation at Pgi is caused by nearby genes rather than by Pgi itself. This is, however, unlikely, because similar phenotype-genotype associations have been found in Colias, which has much lower LD and for which there is molecular evidence for balancing selection within Pgi itself (Wheat et al. 2006) . It is also Nucleotide Polymorphism at Pgi · doi:10.1093/molbev/msp227 MBE noteworthy that in Colias, the genotype-phenotype associations are consistent with predictions made on the basis of biochemical properties of the PGI enzyme (Watt 2003) .
The observed heterozygote advantage at Pgi may be due to its branch-point location in central metabolism and the dimeric enzyme structure of PGI. Insect flight is exceptionally demanding for energy, and variation in PGI appears to have an effect on glycolytic flux and thereby on the rate of adenosine triphosphate production (Watt and Dean 2000) . Biochemical studies of PGI in Colias have identified a trade-off between kinetic performance and thermal stability, with heterozygotes having higher kinetic performance and intermediate thermal stability compared with homozygotes (reviewed in Watt 2003) . Similar results are also apparent at the organismal level, with heterozygotes having higher fitness in the field and the homozygotes performing in accordance with the respective molecular trade-off between kinetic performance and thermal stability (reviewed in Watt and Dean 2000; Watt 2003) .
Although comparable enzyme biochemical work has not yet been performed on M. cinxia, the superior metabolic performance and higher dispersal rate of heterozygotes (Haag et al. 2005; Niitepõld et al. 2009 ) are consistent with potential molecular trade-offs also in this species. Furthermore, it is noteworthy that significant genotype Â temperature interactions on performance have been reported for M. cinxia (Saastamoinen and Hanski 2008; Niitepõld et al. 2009 ), consistent with the trade-off hypothesis. More research is needed to elucidate the nature of selection at PGI, but the present results suggest that long-term and contemporary selection may have a common basis.
Convergence between M. cinxia and Colias
Comparison of the amino acid variation in the respective PGI enzymes of M. cinxia and C. eurytheme revealed similar patterns that may relate to heterozygote advantage. Although amino acid polymorphisms at the interface between the PGI monomers may affect enzyme performance, we found no evidence for reduced level of polymorphism in this part of the molecule (table 2) . Having charge-changing polymorphism in this region in the two species is unexpected, given the likely major influence of such variation on enzyme function. Importantly, this variation at the interface between the monomers is not randomly distributed but located in the particular loop region shown in figure 6 (table 2) .
In C. eurytheme, low LD allowed the identification of a likely target of balancing selection in the loop region, between codons 368 and 376 (sliding-window Tajima's D analysis; Wheat et al. 2006) . This region contains charge-changing amino acid variation at codons 369 and 375 ( fig. 6A ) and the only nonsynonymous, fixed difference between two closely related Colias species at codon 370. These amino acid polymorphisms are associated with biochemical and fitness differences (Wheat et al. 2006) . In M. cinxia, the same region contains charge-changing amino acid variation at codons 372 and 375 ( fig. 6B) . The variants at codon 372 occur at intermediate frequency and are diagnostic, in combination with codon 111, of the two common allozyme alleles D and F (Orsini et al. 2009 ). Importantly, none of these polymorphisms are shared between M. cinxia and C. eurytheme, indicating convergent evolution. In humans, charge-changing amino acid variation in the same loop region (at codon 375) has functional consequences for the kinetic performance and thermal stability of the PGI enzyme (Lin et al. 2009 ). Codon 111, which corresponds to the previously mentioned SNP AA111, is located at the surface of the protein, far from the monomer interface and catalytically important regions. Determination of the functional importance of the amino acid variation at individual sites requires further study, but our results strongly suggest convergent long-term balancing selection in M. cinxia and C. eurytheme.
Conclusions
Our demographic simulations show that some bottleneck scenarios can produce patterns of nucleotide variation that resemble those expected under balancing selection. This exemplifies the difficulty of testing for selection in populations with complicated demographic histories and spatial population structure and limited genomic information. Nonetheless, the combined evidence from several tests of selection and demographic simulations strongly suggests long-term balancing selection at Pgi in M. cinxia. The clearest evidence for long-term balancing selection was obtained by the HKA test, the analysis of the age of the alleles, and the coalescent analysis of the nucleotide diversity within and between allozyme alleles of the Pgi gene itself. In addition, the patterns of long-term balancing selection at the DNA sequence level corresponded exactly to the allozyme alleles for which multiple independent studies have suggested current balancing selection due to heterozygote advantage.
Given the evidence for long-term balancing selection in the present study, it seems unlikely that balancing selection has evolved in response to metapopulation structure in the study population. Melitaea cinxia has various spatial population structures in different parts of its range, including large continuous populations. It is thus likely that balancing selection is a general feature of Pgi in M. cinxia, independent of the spatial population structure.
The high degree of convergence at the phenotypic and molecular levels at Pgi between M. cinxia and C. eurytheme may be explained by similar specific selection pressures maintaining polymorphism at Pgi in the two species. Alternatively, long-term balancing selection at Pgi may be a common feature of many butterfly species, and perhaps of other taxa as well. Such a widespread occurrence of long-term balancing selection, even if occurring only at one or a few loci, would have important consequences for the genetic basis of inbreeding depression and for the maintenance of fitness variation in the wild.
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